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FOREWORD 
This  r e p o r t  was p r e p a r e d  by P e n i n s u l a r  ChemResearch , I n c  . , 
under  Cont rac t  NAS 7-668 f o r  N a t i o n a l  Aeronau t ics  and Space A d m i n i s t r a t i o n .  
M r .  D. D.  Lawson was NASA T e c h n i c a l  Manager and M r .  Frank E. Compite l lo  
'was NASA P r o j e c t  Manager. T h i s  i s  t h e  F i n a l  Report under t h i s  program 
and covers  t h e  p e r i o d  1 February  1968 through 3 1  January  1969. Labora to ry  
work was c a r r i e d  o u t  o n l y  through September,  1968 due t o  i n s u f f i c i e n t  
fund ing .  
P e r s o n n e l  who were  engaged i n  t h i s  r e s e a r c h  were  Eugene C.  
Stump, P r o j e c t  D i r e c t o r ,  and Stephen Rochow, Research Chemist .  Dale A. 
Warner was i n  charge o f  a n a l y t i c a l  s e r v i c e s .  D r s .  P a u l  T a r r a n t  and 
George B u t l e r  o f  t h e  U n i v e r s i t y  o f  F l o r i d a  Department o f  Chemist ry  were  
a c t i n g  c o n s u l t a n t s .  
ABSTRACT 
The p repa ra t ion  and polymerizat ion of t e t r a f l u o r o e t h y l e n e  
oxide (TFEO) was i n v e s t i g a t e d  . 
Carboxy-terminated polyper f luoroe thers  were extended and 
cross- l inked wi th  chromium t r i f l u o r o a c e t a t e  and dicyclopentadiene 
dioxide.  
I n i t i a l  a t tempts  t o  prepare  an ac id  f luor ide- te rmina ted  
prepalymer by r e a c t i o n  of TFEO and p e r f l u o r o g l u t a r y l  f l u o r i d e  were 
unsuccessful .  
Hexafluoropropylene oxide (HFPO) could no t  b e  prepared us ing  
glow discharge and u l t r a v i o l e t  i r r a d i a t i o n  techniques.  
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I. INTRODUCTION 
Advances i n  space  technology and c a p a b i l i t i e s  have focused  
i n c r e a s i n g  a t t e n t i o n  on t h e  n e c e s s i t y  f o r  development of m a t e r i a l s  w i t h  
h i g h l y  unusua l  p r o p e r t i e s .  A p a r t i c u l a r  a r e a  where t h i s  problem h a s  
become e v i d e n t  is  t h e  development of e l a s t o m e r i c  m a t e r i a l s  f o r  use  as 
e x p u l s i o n  b l a d d e r s ,  s e a l s ,  and g a s k e t s  i n  c o n t a c t  w i t h  c ryogen ic  s t o r a b l e  
p r o p e l l a n t s .  
A s u i t a b l e  m a t e r i a l  h a s  n o t  y e t  been f u l l y  developed t o  meet 
t h i s  r equ i rement .  Highly f l u o r i n a t e d  m a t e r i a l s ,  such as  p o l y t e t r a -  
f l u o r o e t h y l e n e ,  o f f e r  a  p o t e n t i a l  s o l u t i o n  t o  t h e  problem due t o  t h e  
demonst r a t e d  chemical  r e s i s t a n c e  of compounds o f  t h i s  c l a s s .  However, 
p o l y t e t r a f l u o r o e t h y l e n e ,  w h i l e  i t  can b e  f a b r i c a t e d  i n t o  seals, g a s k e t s ,  
and O-r ings ,  is ex t remely  d i f f i c u l t  t o  p r o c e s s  a s  an e x p u l s i o n  b l a d d e r .  
A n i t r o s o  t e r p o l y m e r ,  o r i g i n a l l y  p r e p a r e d  by 3M ~ o m ~ a n ~ '  and 
2 developed by Thioko l  , has  demonstra ted h i g h  r e s i s t a n c e  of N204. However, 
4  
a r e c e n t  r e p o r t  i n d i c a t e s  t h a t  t h i s  e l a s t o m e r  ( a  terpolymer  of t r i f l u o r o -  
n i t r o s o m e t h a n e ,  t e t r a f  l u o r o e t h y l e n e ,  and 4 -n i t ro sope r f luo robu ty r i c  a c i d )  
h a s  a h i g h  permeat ion r a t e  f o r  l i q u i d  N204 and g a s e s .  
The o b j e c t  of t h i s  work is t h e  development of o t h e r  h i g h l y  
f l u o r i n a t e d  sys tems  which shou ld  e x h i b i t  e l a s t o m e r i c  p r o p e r t i e s  and 
r e s i s t a n c e  t o  l i q u i d  oxygen, l i q u i d  hydrogen,  and o t h e r  s i m i l a r  c ryogen ic  
f u e l s  and o x i d i z e r s .  
5 Under an e a r l i e r  c o n t r a c t  , of which t h e  p r e s e n t  work is  an 
e x t e n s i o n ,  w e  i n v e s t i g a t e d  t h e  p r e p a r a t i o n  of p e r f l u o r o e t h e r  prepolymers 
c o n t a i n i n g  f u n c t i o n a l  t e r m i n a l  groups and t h e i r  convers ion  t o  s o l i d ,  
c r o s s - l i n k e d  polymers.  These polymers were d e r i v a t i v e s  o f  prepolymers 
p r e p a r e d  from hexaf luoropropy lene  epox ide .  
Because of t h e  e x c e p t i o n a l  the rmal  s t a b i l i t y 6  which h a s  been a t -  
t r i b u t e d  t o  poly(tetrafluoroethy1ene o x i d e ) ,  and because  of t h e  
d e s i r a b i l i t y  of i n c o r p o r a t i n g  t h e  -CF2CF20- group i n  t h e  polymer c h a i n  
a l o n g  w i t h  o t h e r  p r e v i o u s l y  p repared  p o l y p e r f l u o r o e t h e r s ,  work d u r i n g  t h i s  
phase o f  t h e  program was d i r e c t e d  toward t h e  p r e p a r a t i o r !  of t e t r a f l u o r o -  
e t h y l e n e  o x i d e  and i t s  convers ion  t o  polymers.  
TABLE I 
PREPARATION OF TFEO 
Produc t  
Weieht 
Run. No. a Lamp TFE U s e d ( ~ . )  b Crude ( g) P u r i f i e d ( g )  Conv(%) P u r i t y %  Remarks 
( a )  A - 2 x 450 w a t t  
B - 1200 w a t t  
C - 2 x 450 w a t t  + 1200 w a t t  
D - 450 w a t t  + 1200 w a t t  
. t r a c e  
I! 
8 
9 
5 
t r a c e  
6 1 
19 
t r a c e  
8 
i n s u f f i c i e n t  B r  i n  mix ture  2 
F r e s h  FC-43 
I t  
Used F C - 4 3  
1 I 
(b) Based on f lowmeter  r e a d i n g s  
11. DISCUSSION 
A .  Monomer S y n t h e s i s  
1. T e t r a f l u o r o e t h y l e n e  Oxide (TFEO) 
The major  p o r t i o n  o f  work under  t h i s  c o n t r a c t  c o n s i s t e d  o f  
a n  i n v e s t i g a t i o n  o f  t h e  p r e p a r a t i o n  and p u r i f i c a t i o n  of t e t r a f l u o r d e t h y l e n e  
o x i d e  (TFEO) . 
Toward t h e  end o f  t h e  program preceed ing  t h i s  work s m a l l  q u a n t i t i e s  
o f  TFEO were p repared  i n  low convers ion  and p u r i t y 5  us ing  a  p rocedure  
7  
r e p o r t e d  by chemis t s  a t  duPont . T h i s  method c o n s i s t s  of t h e  d i r e c t  
o x i d a t i o n  o f  t e t r a f l u o r o e t h y l e n e  u s i n g  u l t r a v i o l e t  i r r a d i a t i o n  and bromine 
a s  i n i t i a t o r s .  
CF2-CF2 + O2 + Br U.V.  > 2  %120° 
FC-43 
During t h e  p r e s e n t  program t h i s  p r o c e s s  was u t i l i z e d  t o  p r e p a r e  
TFEO i n  q u a n t i t i e s  as  h igh  as  170 g. p e r  day of 99% p u r e  m a t e r i a l .  Conver- 
s i o n s ,  based  on t e t r a f l u o r o e t h y l e n e  (TFE) used,  were as  h i g h  a s  28%. 
Tab le  I summarizes 29 runs  c a r r i e d  o u t  under s l i g h t l y  v a r y i n g  
c o n d i t i o n s .  Runs 1-3 were c a r r i e d  o u t  by i r r a d i a t i o n  o f  t h e  gaseous mix- 
t u r e  w i t h o u t  a  l i q u i d  phase  and gave on ly  a  t r a c e  of p u r e  TFEO. The 
remainder  o f  t h e  runs  were c a r r i e d  o u t  by i r r a d i a t i o n  of t h e  mix ture  as i t  
bubbled  through FC-43 a t  90-150'. Bes t  r e s u l t s  were  o b t a i n e d  when t h e  
t e m p e r a t u r e  was main ta ined  a t  125-150'. 
Two t y p e s  of u l t r a v i o l e t  lamps were  used.  These were  2 x  450 
w a t t  Hanovia 679 A lamps and a  s i n g l e  1200 w a t t  GE U - 1 1  lamp. Higher  
convers ions  were o b t a i n e d  w i t h  t h e  1200 w a t t  lamp. 
Runs 1-25 were c a r r i e d  o u t  u s i n g  tubes  made o f  Vycor 7913, 
which was i n a d v e r t a n t l y  o b t a i n e d  from t h e  manufac tu re r  r a t h e r  t h a n  Vycor 
7910. Vycor 7913 t r a n s m i t s  o n l y  a  few p e r c e n t  of t h e  u l t r a v i o l e t  spec t rum 
and t h i s ,  coupled w i t h  t h e  use  o f  t h e  450 w a t t  lamps,  probably  accounts  f o r  
t h e  low convers ions  o b t a i n e d  i n  t h e  e a r l y  exper iments .  A f t e r  t h e  e r r o r  was 
d e t e c t e d  t h e  t u b e s  were exchanged f o r  q u a r t z  t u b e s ,  which t r a n s m i t  80-95% 
of t h e  u l t r a v i o l e t  spec t rum produced by t h e  1200 w a t t  U - 1 1  lamp. 
With each succeed ing  run t h e  bui ld-up o f  a  w h i t e  s o l i d  
m a t e r i a l  i n  t h e  FC-43 was observed .  Higher  convers ions  t o  TFEO were ob- 
t a i n e d  when f r e s h  FC-43 was used r a t h e r  t h a n  m a t e r i a l  from a p r e v i o u s  r u n ,  
p robab ly  due t o  t h e  d e c r e a s e  i n  i r r a d i a t i o n  of t h e  gas phase  caused b y  t h e  
s o l i d  s u s p e n s i o n .  A q u a n t i t y  o f  t h i s  m a t e r i a l  was i s o l a t e d  by f i l t r a t i o n  
and an i n f r a r e d  spec t rum made. Based upon a  comparison o f  t h e  spec t rum 
o f  t h i s  m a t e r i a l  w i t h  a  spec t rum of  a polymer formed i n  t h e  r e a c t i o n  o f  
8 TFE w i t h  oxygen u s i n g  u l t r a v i o l e t  i r r a d i a t i o n  i n  t h e  gas phase  , t h i s  
m a t e r i a l  appears  t o  b e  po ly(ca rbony1  f l u o r i d e ) . ,  f C F 2 0 f n  Po ly(ca rbony1  
f l u o r i d e )  may b e  p r e p a r e d  by i r r a d i a t i o n  o f  poly  ( t e t r a f l u o r o e t h y l e n e  
9 p e r o x i d e ) ,  f CF CF 00>,  by u l t r a v i o l e t  i r r a d i a t i o n  , which may account  2  2  
f o r  t h e  p resence  of t h i s  polymer i n  o u r  sys tem.  .The polymer is 
a p p a r e n t l y  u n s t a b l e ,  s lowly  decomposing t o  ca rbonyl  f l u o r i d e  monomer 
at  room tempera tu re .  
Best convers ions  were o b t a i n e d  u s i n g  a  combination 1200 w a t t -  
lamp and f r e s h  FC-43 h e a t e d  t o  125-150'. 
S i n c e  t h e  c rude  p roduc t  c o n s i s t e d  p r i m a r i l y  o f  u n r e a c t e d  TFE i n  
a d d i t i o n  t o  TFEO, COF*, hexaf luorocyc lopropane  ( t r a c e )  and CO , p u r i -  2 
f  i c a t i o n .  p r e s e n t  a  problem. The p rocedure  which was developed c o n s i s t e d  
o f  two s t e p s .  I n  t h e  f i r s t  s t e p  TFE was removed by b u b b l i n g  through 
bromine (25% i n  CF BrCF Br) i n  a  3" x  3 '  t u b e  c o n t a i n i n g  Raschig  r i n g s .  2  2  
A f l u o r e s c e n t  l i g h t  was s e t  p a r a l l e l  t o  t h e  tube .  E x i t  gases  were 
c o l l e c t e d  i n  a  LOX coo led  t r a p  and condensed i n t o  an evacua ted  c y l i n d e r .  
Most o f  t h e  remaining i m p u r i t i e s  were t h e n  removed by s c r u b b i n g  t h e  gas  
through two 3" x  3 '  t u b e s  c o n t a i n i n g  aqueous KOH. P u r i t y  o f  99% may 
b e  o b t a i n e d .  
I n  h a n d l i n g  t h e  c rude  m a t e r i a l  c a u t i o n  s h o u l d  b e  e x e r c i s e d  s i n c e  
TFE and oxygen may form e x p l o s i v e  p e r o x i d e s .  A f t e r  i s o l a t i o n  o f  t h e  p u r e  
TFEO i t  shou ld  n o t  b e  al lowed t o  become contaminated w i t h  oxygen s i n c e  
1 0  
e x p l o s i o n s  have been e x p e r i e n c e d  i n  o t h e r  l a b o r a t o r i e s  . 
Pure  TFEO has  been s t o r e d  f o r  s h o r t  p e r i o d s  ( 1 week ) a t  
-73' w i t h  no a p p r e c i a b l e  decomposi t ion.  A t  room t e m p e r a t u r e ,  however, t h e  
monomer r e a r r a n g e s  r a p i d l y  and e x o t h e r m i c a l l y  t o  t r i f l u o r o a c e t y l  f l u o r i d e .  
Consequent ly,  pure TFEO shou ld  be. used as prepared o r  s t o red  a t  LOX 
1 1  temperature,  s i n c e  rearrangement does occur a t  -78' . 
P u r i t y  i s  determined by GLC a n a l y s i s  u s i n g  a column packed w i t h  
35% PFOX* on acid-washed Chromosorb W .  The sample i s  wi  thdrawn a t  c y l  i nder 
p ressure  a t  -20% i n t o  a  Hewlet t -Packard gas sampl ing v a l v e  w i t h  a  0.1 m l .  
sample loop.  The i n j e c t i o n  p o r t  and column i s  ma in ta ined  a t  room temperature.  
As prepared, the  main components o f  the  crude p roduc t  m i x t u r e  a re  TFEO, 
t e t r a f l u o r o e t h y l e n e ,  carbony l  f l u o r i d e ,  and carbon d i o x i d e .  Hexa f luo ro -  
cyc lopropane i s  a l s o  p resen t  i n  t r a c e  amounts. Brominat 'on o f  the  m i x t u r e ,  
f o l  lowed by sc rubb ing  through aqueous base, removes most o f  these impur i t i e s  
w i  t h  the except  i o n  o f  h e x a f l  uorocyc lopropane.  P u r i t i e s  o f  98-99% are  
genera l  l y  ob ta i ned .  A t y p i c a l  gas chromatogram o f  p u r i f i e d  TFEO shows 3-4 peaks 
w i t h  r e l a t i v e  r e t e n t i o n  t imes ( c o r r e c t e d  f o r  a i r )  o f  0.4 ( c o ~ ) ,  1.0 (TFEO),  
2.5, and 3 .4 .  
An a t tempt  t o  prepare TFEO by t h e  procedure used t o  prepare 
hexa f luo ropropy lene  ox i de ,  low temperature epox ida t i on  us i ng  b a s i c  hydrogen 
perox ide ,  was unsuccessfu l  . 
An i n f r a r e d  spect rum o f  99% pure TFEO i s  shown i n  F i gu re  1 .  
A  t o t a l  o f  478 g. o f  p u r i f i e d  TFEO was sh ipped t o  JPL f o r  p o l y -  
me r i za t  i on  s t u d i e s .  
2. At temoted Preoara t  i o n  o f  Hexaf 1 u o r o ~ r o o v  lene  Oxide (HFPO) 
by Glow Discharge and U l t r a v i o l e t  I r r a d i a t i o n  
HFPO used i n  t he  proceeding program5 was prepared by r e a c t i o n  o f  
hexa f  luo ropropy lene  wi  t h  bas i c hydrogen pe rox i de  i n  methanol a t  low tempera- 
t u r e  (%-40") .  Dur ing t h i s  c o n t r a c t  we examined t h e  p r e p a r a t i o n  o f  HFPO by 
two o t h e r  methods. 
I n  the  f i r s t ,  hexa f luo ropropy lene  was passed through the r e a c t o r  
used f o r  the  p r e p a r a t i o n  o f  TFEO and under s i m i l a r  c o n d i t i o n s .  No HFPO was 
de tec ted  i n  the  e f f l u e n t .  
* A p e r f l u o r i n a t e d  p o l y e t h e r  w i t h  t he  r epea t i ng  u n i t  ~cF(CFJ)CFOF-- 
manufactured by Monteca t in i -Ed ison .  2  n  
I n  t h e  second ,  a  v i x t u r e  ~f  hexaf luc ropropy lene  2nd oxygen (50-50) 
was b l e d  at  5-10 mm through a  glow d i s c h a r g e  r e a c t o r  u s i n g  a  15,000 v o l t  
t r a n s f o r m e r ,  producing a b l u e  t o  v i o l e t  glow. Again,  no epoxide was d e t e c t e d  
u s i n g  t h e s e  c o n d i t i o n s .  
I n  o r d e r  t o  i n v e s t i g a t e  t h e  e x t e n s i o n  and c r o s s - l i n k i n g  r e a c t i o n  
o f  carboxy-terminated prepolymers p repared  under  t h e  p r e v i o u s  program, t h e  
1 2  
s y n t h e s i s  of PFOD was i n v e s t i g a t e d ,  u s i n g  a  p rocedure  d e s c r i b e d  by Knunyants . 
T h i s  method is  s i m i l a r  t o  t h a t  used f o r  TFEO excep t  t h a t  a mix ture  o f  oxygen 
and c h l o r i n e  is  bubbled  th rough  t h e  d i e n e  w i t h  u l t r a v i o l e t  i r r a d i a t i o n .  
Two a t t e m p t s  t o  p r e p a r e  t h e  epox ide  gave mainly t h e  monoepoxide, 
.which was i s o l a t e d  a s  ) CFBrCF2Br. The s y n t h e s i s  was n o t  pursued ,  2  4 
a l though  l a t e r  a t t e m p t s  under  a n o t h e r  c o n t r a c t 1 3  demonstra ted t h a t  r e a s o n a b l e  
convers ions  t o  t h e  d i e p o x i d e  could  b e  o b t a i n e d  u s i n g  a Vycor 7910 c e l l ,  a 
450 w a t t  lamp, and b e t t e r  gas  d i s p e r s i o n .  
P r i o r  t o  t h e  d e l i v e r y ,  o f  t h e  components n e c e s s a r y  f o r  t h e  u l t r a -  
v i o l e t  c a t a l y z e d  e p o x i d a t i o n  o f  t e t r a f l u o r o e t h y l e n e  now i n  u s e ,  o t h e r  rouzes  
t o  t h e  p r e p a r a t i o n  of p o l y ( ~ ~ E 0 )  were cons idered .  The p r e p a r a t i o n  o f  
3 - o x a p e r f l u o r o g l u t a r y l  c h l o r i d e  by t h e  o x i d a t i o n  o f  1 ,2 -d ich lo ro-  
perfluoro-4-oxacyclopentene u s i n g  po tass ium permanganate h a s  r e c e n t l y  been 
14 
r e p o r t e d  . By c o n v e r t i n g  t h e  d i a c i d  c h l o r i d e  t o  t h e  d i a c i d  f l u o r i d e  
fo l lowed  by a  pho topo lymer iza t ion  p r o c e s s  such a s  employed i n  p r e p a r i n g  
o u r  e a r l i e r  p repo lymer ,  p o l y ( T F ~ O )  might b e  p r e p a r e d .  Because of 
d i f f i c u l t i e s ,  p a r t i c u l a r l y  low c o n v e r s i o n s ,  encounte red  i n  t h e  p r e p a r a t i o n  
o f  t h e  i n t e r m e d i a t e  1,2-dichloroperfluoro-4-oxacyclopentene, and b e c a u s e  o f  
t h e  a r r i v a l  o f  t h e  n e c e s s a r y  u l t r a v i o l e t  equipment,  t h i s  s y n t h e s i s  w a s  
n o t  pursued.  
B .  Polymers 
1. P o l y t e t r a f l u o r o e t h y l e n e  Oxide (PTFEO) 
1 5  TFEO was hompolymerized by i r r a d i a t i o n  u s i n g  a  cobal t -60 s o u r c e  . 
The monomer samples were  s e a l e d  i n  g l a s s  ampoules and i r r a d i a t e d  a t  l i q u i d  
n i t r o g e n  t e m p e r a t u r e s .  Two s o u r c e s  were  used.  Nineteen h o u r s  i r r a d i a t i o n  
i n  t h e  f i r s t  s o u r c e ,  w i t h  a  s t r e n g t h  o f  about  540 cur ies , '  produced polymer 
i n  ve ry  low convers ion .  Two o t h e r  p o l y m e r i z a t i o n s ,  c a r r i e d  o u t  by t h e  NASA 
T e c h n i c a l  Manager, M r .  D .  D. Lawson, u s i n g  a  10,000 c u r i e  s o u r c e  a t  J e t  
P r o p u l s i o n  L a b o r a t o r i e s ,  gave ( a f t e r  %3 h o u r s )  convers ions  of 25 and 75%. 
The f i r s t  sample. (from t h e  low i n t e n s i t y  s o u r c e )  was a p p a r e n t l y  of low 
molecu la r  w e i g h t .  An i n f r a r e d  spec t rum of  t h i s  sample is  shown i n  
F i g u r e  3 .  I n f r a r e d  s p e c t r a  o f  t h e  two samples polymerized a t  JPL were  
o b t a i n e d  a s  s o l u t i o n s  i n  FC-43 and by t h e  a t t e n u a t e d  t o t a l  r e f l e c t a n c e  
method. These s p e c t r a  are shown i n  F i g u r e s  3  and 4 ,  r e s p e c t i v e l y .  
DSC a n a l y s i s  o f  t h e  poly(TFE0) samples p repared  a t  JPL r e v e a l e d  T 's 
g  
o f  -50' and -40' and T m l s  of 32.5' and 30° ,  r espec t ive ly . .  De te rmina t ion  
o f  i n t r i n s i c  v i s c o s i t y  u s i n g  FC-43 gave v a l u e s  o f  0.25 and 0 .21.  Hexaf luoro-  
benzene gave v a l u e s  o f  0 .18 and 0 .12,  r e s p e c t i v e l y .  
2. Reac t ion  of Chromium T r i f l u o r o a c e t a t e  w i t h  Carboxy- 
Terminated P o l y p e r f l u o r o e  t h e r s  
I n  o r d e r  t o  p r e p a r e  s t a b l e ,  cured polymers from samples p r e p a r e d  
under  t h e  p r e v i o u s  program5, we i n v e s t i g a t e d  t h e  r e a c t i o n  o f  ElEDA and poly(DEDA) 
w i t h  chromium t r i f l u o r o a c e t a t e .  Chromium t r i f l u o r o a c e t a t e  h a s  been used 
a b  a c u r i n g  a g e n t  f o r  carboxy-pendent n i t r o s o  rubber16 and i t  w a s  f e l t  
t h a t  a similar c u r e  might o c c u r .  The r e a c t i o n s ,  d e s c r i b e d  i n  Tab le  11, 
produced polymers r a n g i n g  from s t i c k y  semi-so l ids  t o  h a r d  lumps. One 
sample  (171.3) was found t o  have a Tg of -41' by DSC. None of t h e  samples ,  
a l t h o u g h  s e v e r a l  were  somewhat rubbery ,  e x h i b i t e d  any a p p r e c i a b l e  t e n s i l e  
s t r e n g t h  o r  e l o n g a t i o n .  An i n f r a r e d  spec t rum of Sample 171.8 i s  shown i n  
F i g u r e  5.  
A f t e r  t h e  work on t h e  r e a c t i o n s  w i t h  chromium t r i f l u o r o a c e t a t e  
h a d  been completed,  a  r e p o r t 1 7  d e s c r i b i n g  an a t t e m p t  t o  cure  a similar 
carboxy-terminated p o l y ( f 1 u o r o e t h e r )  was r e c e i v e d .  Although no e x p e r i -  
m e n t a l  d e t a i l s  o r  p r o p e r t i e s  were g iven ,  i t  appears  t h a t  r e s u l t s  s i m i l a r  
t o  o u r s  were o b t a i n e d .  
3.  Reac t ion  of Dicy lopen tad iene  Dioxide w i t h  P O ~ ~ ( D E D A )  
S i n c e  carboxy-pendent n i t r o s o  r u b b e r  can a l s o  b e  c r o s s - l i n k e d  
w i t h  d iepox ides  , t h e  r e a c t i o n  o f  po ly  (DEDA) , prepared  under t h e  p r e c e e d i n g  
5 program , w i t h  d i c y c l o p e n t a d i e n e  d i o x i d e  was a l s o  i n v e s t i g a t e d .  S e v e r a l  
r e a c t a n t  r a t i o s . w e r e  i n v e s t i g a t e d  p roduc ing  s o l i d  polymers which ranged  
from h a r d  s h e e t s  ( a f t e r  ~ r e s s - c u r i n g )  t o  weak, s t i c k y  e l a s  tbmers . Glass  
t r a n s i t i o n  t empera tu res  r a n g i n g  from -77' t o  -32' were observed.  These  
r e a c t i o n s  a r e  summarized i n  Table  111. An i n f r a r e d  spec t rum of one of t h e  
samples  (174.4) i s  shown i n  F i g u r e  6 .  
4. Attempted P r e p a r a t i o n  of Acid Fluor ide-Terminated 
Polymers from TFEO and P e r f l u o r o g l u t a r y l  F l u o r i d e  
S i n c e  d i a c i d  f l u o r i d e s  from TFEO and p e r f l u o r o g l u t a r y l  f l u o r i d e  
(PFGF), analogous t o  t h o s e  p repared  e a r l i e r  from HFPO and PFGF, would b e  of 
c o n s i d e r a b l e  i n t e r e s t  i n  f u r t h e r  p o l y m e r i z a t i o n s ,  t h e  r e a c t i o n  o f  TFEO and 
TABLE I1 
Cr(CF3C00)3 Cured Polymers 
- 
R a t i o  
R e a c t i o n  
No. Diac id  C r  (CF3C00) 3 / d i a c i d  Time Mo 1 32 - Td Remarks 
1 7 1 . 1  XEDA 111.05 100-ml. f l a s k  110' 112 hour  - h a r d ,  g reen  lumps - - 
171.2 ~ o l y  (DEDA) 11.82 100-ml. f l a s k  75" o v e r n i g h t  105', 1 1 1 4  h r .  r u b b e r - l i k e  o l i v e  - - 
500 p s i  g r e e n  polymer 
1 7 1 . 3  Po ly  (DEDA) 113.16 250-ml. f l a s k  r e f l u x  o v e r n i g h t  1 1 0 ° ,  2  min, d a r k , g r e e n  polymer -41" 132' Td depended on 
a c e t o n e  s o l v e n t  500 s p i  162" t h e r m a l  h i s t o r y  
312" of sample.  
171.4  ~ o l y  (DEDA) 113.5 100-ml. f l a s k  115' 3  h o u r s  1 1 0 ° ,  5  min. h a r d ,  g reen  polymer - - 
500 p s i  
171.5  Poly  (DEDA) 114 .2  on p l a t e s  i n  p r e s s  110" 2  h o u r s  100  p s i  f l a k e s  o f  d a r k  - - 
g r e e n  i n  s t a r t i n g  
m a t e r i a l .  
171 .6  Poly(DEDA) 
171.7  l'oly (DEDA) 
171.8  ~ o l y  (DEDA) 
171 .9  MEDA 
100-ml. f l a s k  75' 
T e f l o n  c o a t e d  aluminum 82' 
s h e e t s  i n  vacuum oven 
R e a c t a n t s  d i s s o l v e d  i n  80' 
a c e t o n e ,  a c e t o n e  
removed, t h e n  same a s  
1.71.7 
a s  above i n  171.8  80" 
20 min. 110" 112 h r .  s t i c k y  semi-so l id  - - 
100  p s i  
2  h o u r s  - 
2  h o u r s  - 
2  h o u r s  
s p e c k s  o f  polymer - - 
i n  semi-so l id  
s t i c k y ,  r u b b e r y  - - . I n f r a r e d  spec t rum 
F i g u r e  5  
s t i c k y ,  rubbery  - - 
TABLE I11 
, Dicyclopentadiene Dioxide Cured Polymers 
Ratio 
Reaction 
No. ~ o l ~ ( ~ ~ ~ A ) / ~ i o x i d e  Reaction System Tg Hardness* A~pearance 
174.1 111 test tube -64" 96 Hard sheet 
174.2 211 100-ml. flask 31 Flexible, sticky sheet 
211 200-ml. flask 
100 ml. acetone 
200-ml . flask 
100-ml. acetone 
4 1 Slightly sticky, elasto- . 
meric sheet 
Weak elastomeric sheet 
>k 
Shore type A-2. 
S G F  v33 i n v e s t i g a t e d .  
T.he p rocedure  was t h e  same a s  used e a r l i e r  f o r  HFPO and PFGF ; i . e .  , CsF 
c a t a l y z e d  a d d i t i o n  o f  epoxide t o  PFGF i n  diglyme (Ansul E t h e r  1 4 1 ) .  
A s m a l l  amount (%I0 g . )  o f  h i g h e r  b o i l i n g  m a t e r i a l  was i s o l a t e d  by 
d i s t i l l a t i o n .  An i n f r a r e d  spec t rum (F ig .  7 )  o f  t h i s  m a t e r i a l  e x h i b i t s  t h e  
expec ted  a c i d  f l u o r i d e  c a r b o n y l  a b s o r p t i o n  of 5 . 3  mic rons ,  and i s  v e r y  
similar t o  t h e  spec t rum of PFGF. 
The r e a c t i o n  of TFEO w i t h  p e r f l u o r o g l u t a r y l  f l u o r i d e  was r e p e a t e d  
e x c e p t  t h a t  tetraethylammonium bromide and 1 ,2 -d ich lo roe thane  were used as  
t h e  c a t a l y s t  and s o l v e n t .  According t o  t h e  p a t e n t  l i t e r a t u r e ' ' ,  TFEO and 
p e r f l u o r o g l u t a r y l  f l u o r i d e  w i l l  r e a c t  i n  a  v a r i e t y  of h a l o g e n a t e d  s o l v e n t s  
u s i n g  any q u a r t e r n a r y  ammonium sal t  which forms a  q u a r t e r n a r y  ammonium 
f l u o r i d e  i n  s i t u  by r e a c t i o n  o f  t h e  s a l t  w i t h  e i t h e r  t h e  a c i d  f l u o r i d e  o r  
TFEO. Tetraethylammonium bromide and 1 ,2 -d ich lo roe thane  a r e  b o t h  d e s c r i b e d  
\ 1 
0 
as a s u i t a b l e  c a t a l y s t  and s o l v e n t ,  r e s p e c t i v e l y .  I n  p r a c t i c e ,  t h e  c a t a l y s t  
is  c o n v e r t e d  t o  t h e  q u a r t e r n a r y  ammonium f l u o r i d e  by t h e  i n i t i a l  a d d i t i o n  
o f  a s m a l l  amount of TFEO t o  t h e  sys tem.  The d i a c i d  f l u o r i d e  is  t h e n  added, 
fo l lowed  by a d d i t i o n  of TFEO. I n i t i a l  consumption o f  t h e  TFEO i n d i c a t e s  
t h e  c a t a l y s t  t o  b e  a c t i v e .  
I n  a t t e m p t i n g  t o  c a r r y  o u t  t h i s  r e a c t i o n  i n  our  l a b o r a t o r i e s ,  
i t  appeared  t h a t  ve ry  l i t t l e ,  i f  any ,  TFEO was consumed i n i t i a l l y  by t h e  
sys tem.  Since i t  was f e l t  t h a t  t h e  c a t a l y s t  might be  c o n v e r t e d  t o  t h e  
f l u o r i d e  by t h e  a c i d  f l u o r i d e ,  p e r f l u o r o g l u t a r y l  f l u o r i d e  was added t o  
t h e  s o l v e n t - c a t a l y s t  mix tu re .  TFEO was t h e n  added t o  t h e  c l o s e d  sys tem 
a t  7 p s i g  b u t  on ly  a  v e r y  s m a l l  amount of TFEO was consumed. 
The f a i l u r e  o f  t h i s  r e a c t i o n  t o  proceed a s  expec ted  might b e  
e x p l a i n e d  by f a i l u r e  t o  form t h e  q u a r t e r n a r y  ammonium f l u o r i d e .  Although 
t h e  bromide was h e a t e d  at  170" under vacuum o v e r n i g h t ,  t h i s  t r e a t m e n t  may 
n o t  b e  adequate  t o  p rov ide  a n  a c t i v e  c a t a l y s t .  A l s o ,  an atmosphere o f  a i r  
was i n a d v e r t e n t l y  a l lowed i n  t h e  f l a s k .  Should f u t u r e  work 'be  d e s i r e d  i n  
t h i s  a r e a ,  a s e r i e s  o f  s m a l l  s c a l e  exper iments  u s i n g  v a r i o u s  c a t a l y s t s  
and s o l v e n t s  s h o u l d  b e  c a r r i e d  o u t  t o  determine t h e i r  r e a c t i v i t y  w i t h  
TFEO. Tetraethylammonium cyan ide  appears  t o  b e  a p r e f e r r e d  c a t a l y s t  
a c c o r d i n g  t o  examples given i n  t h e  p a t e n t  l i t e r a t u r e 1 8 .  A i r  shou ld  a l s o  
.be  excluded from t h e  r e a c t o r  i n  f u t u r e  r e a c t i o n s .  
I n v e s t i g a t i o n  of t h i s  r e a c t i o n  was t e r m i n a t e d  due t o  d e p l e t i o n  
o f  s u p p o r t i n g  funds .  
I1 I . EXPERIMENTAL 1 
1 
E 
A. Monomer S y n t h e s i s  1 
1 
1. T e t r a f l u o r o e t h y l e n e  Oxide (TFEO) I t 
i 1 
Two q u a r t z  t u b e s  (41  mm i . d .  x  3 ' )  w i t h  one c l o s e d  end were f i l l e d  I 
2 / 3  f u l l  w i t h  FC-43. An 8 mm. g l a s s  bubble  t u b e  p u l l e d  t o  a p o i n t  and a i 
thermocouple w e l l  were i n s e r t e d  through a  rubber  s t o p p e r  a t  the  t'op of t h e  
t u b e .  The FC-43 was h e a t e d  t o  about 125' w i t h  a  h e a t i n g  t a p e  wrapped. 
around t h e  lower end o f  t h e  t u b e .  Heat ing was c o n t r o l l e d  by a  pyrometer .  
A mixture  of a i r ,  TFE, oxygen and B r  /N were passed  through t h e  t u b e s  2  2 
w h i l e  b e i n g  i r r a d i a t e d  by a  1200 w a t t  G . E .  U - 1 1  u l t r a v i o l e t  lamp. F l o ~ ?  
r a t e s  were a d j u s t e d  a s  n e a r l y  a s  p o s s i b l e  t o  t h e s e  d e s c r i b e d  i n  t h e  
7a l i t e r a t u r e  , u s i n g  f lowmeters  connected t o  a  mani fo ld .  A i r  was passed  
a i r :  700 m l .  /min. 
130 ml . /min.  oxygen : 
bromine : (0.3% i n  99.7% N2): 26 ml./min. 
TFE : 500 ml./min.  
f i r s t  through a  LOX-cooled t r a p  t o  remove o i l  and w a t e r  and TFE was p a s s e d  
through a  packed t r a p  a t  -70' t o  remove i n h i b i t o r .  Due t o  h e a t i n g  caused 
I 
by t h e  lamp i t  was n e c e s s a r y  t o  c o o l  t h e  t u b e s  w i t h  a s t ream of  a i r  t o  main- 
t a i n  t h e  t empera tu re  a t  125-150'. The e x i t  gases  passed  through condensers  
coo led  t o  -78', t h e n  through a  f i n g e r  t r a p  a t  -40' and i n t o  a LOX-cooled 
t r a p .  The flow was con t inued  f o r  a s  l o n g  a s  d e s i r e d ,  u s u a l l y  5-6 h o u r s .  
A s  a  s a f e t y  p r e c a u t i o n  i n h i b i t o r  ( d i p e n t e n e )  was p l a c e d  i n  t h e  
c o l l e c t i o n  t r a p  and i n  t h e  c y l i n d e r  i n t o  which t h e  crude p roduc t  was t h e n  
condensed. T h i s  o p e r a t i o n  was c a r r i e d  o u t  beh ind  a s h i e l d .  A f t e r  t h e  
crude product  i s  condensed i n t o  t h e  s t o r a g e  c y l i n d e r  a t  LOX t empera tu re  
a vacuum i s  p u l l e d  on t h e  c y l i n d e r  t o  remove any oxygen which may b e  
p r e s e n t .  
The crude p roduc t  was then p u r i f i e d  by b u b b l i n g  through a 25% 
mix ture  of bromine i n  CF BrCF B r  i n  a  3" x 3 '  g l a s s  tube  c o n t a i n i n g  Raschig  2 2  
r i n g s .  The tube was i r r a d i a t e d  by a  f l u o r e s c e n t  l i g h t .  The e x i s t i n g  gases  
y.TOI ,,re passed  through a  -40' t r a p ,  c o l l e c t e d  i n  a  LOX-cooled t r a p ,  and 
condensed i n t o  a new, mild s t e e l  c y l i n d e r .  Any bromine which i s  r e t a i n e d  
r e a c t s  w i t h  t h e  s t e e l  and i s  removed. 
The c r u d e  p roduc t  from which t e t r a f l u o r o e t h y l e n e  had been removed 
was t h e n  p a s s e d  through two tubes  (3" x  3 ' )  c o n t a i n i n g  aqueous b a s e  (250 g. 
KOH i n  650-750 m l .  w a t e r )  and packed w i t h  Rasch ig  r i n g s  and g l a s s  h e l i c e s .  
The t u b e s  were  k e p t  i n  i c e  w a t e r .  The p u r i f i e d  TFEO (98-99%) was passed  
through a  packed t r a p  a t  -40" and i n t o  a  LOX-cooled t r a p  backed up w i t h  
a n o t h e r  LOX-cooled t r a p  t o  keep CO o u t  of t h e  p roduc t  t r a p .  2  
C y l i n d e r s  c o n t a f n i n g  TFEO (bo th  crude and p u r e )  were k e p t  c o l d  
a t  a l l  t i m e s ,  g e n e r a l l y  a t  -78" and t h e n  a t  -20" when v e n t i n g  from a  
c y l i n d e r  t o  a s c r u b b e r  o r  when sampling f o r  GLC a n a l y s i s .  
2 ,  Attempted P r e p a r a t i o n  of Hexaf luoropropylene Oxide (HFPO) 
by Glow Discharge and U l t r a v i o l e t  I r r a d i a t i o n  
a .  Hexaf luoropropylene was passed  through t h e  r e a c t o r  
d e s c r i b e d  above,  u s i n g  two-thi rds  flow r a t e s  o f  TFEO a t  70-80°C. 
No epoxide  was d e t e c t e d  i n  t h e  p roduc t  mix ture .  
b .  A mix ture  of one-half  p e r f l u o r o p r o p y l e n e  and one- 
h a l f  0 was b l e d  a t  5-10 mm through t h e  glow-discharge r e a c t o r .  2  
A 15,000 v o l t  t r a n s f o r m e r  was used ,  producing a  b l u e  t o  v i o l e t  
glow i n  t h e  gases  between t h e  e l e c t r o d e s .  Tap w a t e r  c o o l i n g  was 
used.  No epoxide w a s  formed. 
The r e a c t o r  c o n s i s t e d  o f  a  1 2  x  200 mm Pyrex t u b e  w i t h  gas b u b b l e r  
and condenser .  Oxygen (1000 cclmin. )  was d r i e d  by p a s s i n g  through a  LOX 
t r a p  and a  H2S04 b u b b l e r ;  c h l o r i n e  (10 cclmin .) was d r i e d  by p a s s i n g  through 
a  d r y i n g  tube  and a H SO b u b b l e r .  Gases e x i t i n g  from t h e  r e a c t o r  were  2  4  
c o l l e c t e d  i n  a LOX t r a p .  A Hanovia 30620 UV lamp was used f o r  i r r a d i a t i o n .  
P e r f l u o r o o c t a d i e n e - 1 , 7  (20 g. , 0.055 mole) was added and t h e  r e a c t i o n  was run  
one hour .  The condenser  was cooled w i t h  i c e  w a t e r .  L iqu ids  from r e a c t o r  and 
t r a p  were  combined and added c a u t i o u s l y  t o  50 m l .  i c e  w a t e r ,  and n e u t r a l i z e d  
w i t h  NaHCO The o r g a n i c  l a y e r  was washed t w i c e  w i t h  w a t e r ,  and d r i e d  w i t h  3 ' 
P1gS04. This  was s t i r r e d  o v e r n i g h t  w i t h  excess  bromine.  Mercury w a s  added t o  
remove excess  B r  f i l t e r e d ,  l e a v i n g  8  g. o f  l i q u i d  t h a t  had less d i e p o x i d e  2 ' 
( IR ,  GLC a n a l y s i s )  than  b e f o r e  b romina t ion .  
The c r u d e  p roduc t  from t h e  second r e a c t i o n  (30 g .  o f  d i e n e )  was 
brominated d i r e c t l y ,  w i t h o u t  n e u t r a l i z a t i o n ,  and d i s t i l l e d ,  g i v i n g  1 3  g.  
of m a t e r i a l  (b . p .  40°/16mm-48' 11.2mm). Th is  was c a u t i o u s l y  n e u t r a l i z e d  
w i t h  sodium b i c a r b o n a t e ,  l e a v i n g  10 g. of 95% pure  (by GLC) m a t e r i a l  
i d e n t i f i e d  by NMR a s  CF C F ( C F ~ ) ~ C F B ~ C F ~ B ~ .  
\;/ 
Using a  r e p o r t e d  procedure14, a  3 - l i t e r  a u t o c l a v e  was loaded  w i t h  
325 g. o f  d i c h l o r o m a l e i c  anhydride  (1 .94 moles) and 868 g. of SF ( 8  moles) 4  
w i t h  10 g. of BF3. The c l a v e  was h e a t e d  t o  300°C o v e r n i g h t  and s t o p p e d  
a f t e r  20 h o u r s .  A f t e r  c o o l i n g ,  SF was v e n t e d .  A fuming, b l a c k  l i q u i d  4  
was poured o u t  and f l a s h  d i s t i l l e d  t o  a  LOX t r a p .  The r e s u l t i n g  p a l e  
ye l low l i q u i d  was d i s t i l l e d  on a micro column, g i v i n g  158 g. o f  impure 
1 , 2 - d i c h l o r o p e r f  luoro-4-oxacyclopentene, b .p .  71-77' ( r p t d .  b  . p. 73'). 
B. Polymers 
1. P o l y t e t r a f l u o r o e t h y l e n e  Oxide (PTFEO) 
E i g h t  grams of 98% p u r e  TFEO were condensed i n  an ampoule and 
60 i r r a d i a t e d  f o r  19 hours  w i t h  a Co s o u r c e  ( s t r e n g t h  $540 c u r i e )  w h i l e  
f r o z e n  i n  l i q u i d  n i t r o g e n .  No o b s e r v a b l e  change occur red .  Upon open ing ,  
a . smal l  amount o f  w h i t e ,  waxy polymer remained i n  t h e  t u b e  a f t e r  removal 
o f  monomer. Th is  had a  Tg of  -46OC, and m.p. 40°C. 
Another  sample o f  8  g.  TFEO (95%) was i r r a d i a t e d  w i t h  a  Co 60 
s o u r c e  of 10 k i l o c u r i e s  f o r  -3 h o u r s ,  g i v i n g  2  g. s o l i d ,  waxy, spongy 
polymer (Tg -40° ,  m.p. 30') and 6  g. o f  TFEO. Another 8  g. sample gave 
6 g .  o f  polymer and 2  g .  of TFEO. 
2.  Reac t ion  o f  Chromium T r i f l u o r o a c e t a t e  w i t h  Carboxv- 
Terminated P o l y p e r f l u o r o e t h e r s  
For  most exper iments  t h e  d i a c i d  and chromium t r i f l u o r o a c e t a t e  
were p l a c e d  i n  a 100-ml. f l a s k ,  s t i r r e d ,  and h e a t e d  under vacuum. The 
p roduc t  was removed and p r e s s e d .  P r e s s i n g  d i d  n o t  extend t h e  p roduc t  and 
a s h e e t  could  n o t  b e  formed. When a  s o l v e n t  was used ( a c e t o n e ) ,  polymer 
p r e c i p i t a t e d  o u t .  The r e a c t a n t s  were s p r e a d  o u t  on Tef lon-sur faced  
aluminum p l a t e s  and h e a t e d  i n  a vacuum oven o r  p r e s s .  Th i s  produced 
s t i c k y ,  semi -so l ids  . These exper iments  a r e  summarized i n  Tab le  11. 
3 .  React ion o f  Dicyc lopen tad iene  Dioxide w i t h  Poly  (DEDA) 
Poly (DEDA) (10 g. , 8 mmoles, m.w. 1230) and d i c y c l o p e n t a d i e n e  
d i o x i d e  (0 .67 g . ,  4 m o l e s )  were p l a c e d  i n  a 200-ml., 3-neck f l a s k  w i t h  
100 m l .  dry  a c e t o n e ,  equipped w i t h  condenser ,  thermometer,  and stirrer. 
The a c e t o n e  was pumped o f f .  The mix ture  was h e a t e d  s lowly  t o  80' w i t h  
s t i r r i n g  o v e r  one-half  h o u r ,  c a u s i n g  a dec ided  i n c r e a s e  i n  v i s c o s i t y .  
The p roduc t  was removed and p r e s s e d  1 0  minutes  a t  110-150' a t  600 p s i ,  forming 
a s l i g h t l y  e l a s t o m e r i c ,  s t i c k y  s h e e t ,  h a r d n e s s  41 [Shore t y p e  A-21 ,  
Tg -77'C. These exper iments  a r e  summarized i n  Tab le  111. 
4 ,  - Attempted P r e p a r a t i o n  of Acid Fluor ide-Terminated 
Polymers from TFEO and P e r f l u o r o g l u t a r y l  F l u o r i d e  
a .  w i t h  CsF 
Cesium f l u o r i d e  (LO g . ,  0.065 mole) was d r i e d  o v e r n i g h t  by 
h e a t i n g  a t  190°C i n  a 1 - l i t e r ,  30-mm O-ring neck f l a s k  under vacuum. 
A f t e r  c o o l i n g ,  100 m l .  r e d i s t i l l e d  diglyme (Ansul E t h e r  141) and p e r f l u o r o -  
g l u t a r y l  f l u o r i d e  (44 g . ,  0.180 mole) were  added. The f l a s k  was coo led  i n  
i c e ,  and t e t r a f l u o r o e t h y l e n e  o x i d e  was added t o  4 p s i g  w i t h  s t i r r i n g .  
Only 1 5  g. TFEO was t a k e n  up. D i s t i l l a t i o n  gave 27 g. of u n r e a c t e d  PFGF, 
and 1 4  g. o f  h i g h e r  b o i l i n g  f r a c t i o n s  which e x h i b i t e d  a d i s t i n c t i v e  
i n f r a r e d  a b s o r p t i o n  at  5 . 3  microns .  
b . w i t h  Tetraethylammonium Bromide 
Tetraethylammonium bromide (0 .5  g. , 0.0042 mole) was added t o  a 
1-l i ter ,  30-mm. O-ring f l a s k  w i t h  magnet ic  s t i r r i n g  b a r  and h e a t e d  over-  
n i g h t  a t  170' under vacuum. The f l a s k  was then  cooled t o  -75', and 38 g. 
o f  1 , 2 - d i c h l o r o e t h a n e  ( f r e s h l y  d i s t i l l e d )  was added. A i r  was inadver -  
t e n t l y  a d m i t t e d  t o  t h e  f l a s k  due t o  a l e a k i n g  spr ing- loaded  s topcock .  
The f l a s k  was p r e s s u r i z e d  w i t h  TFEO t o  7 p s i g  a t  - 7 5 ' ~  and a l lowed t o  warm 
up t o  -20'. No consumption of TFEO was observed .  The f l a s k  was t h e n  
c o o l e d  t o  -75' and PFGF (65 g . ,  0 .376 mole) was added. TFEO was added a t  
7 p s i g .  a t  -20 t o  -30°. No more t h a n  1 5  g.  of TFEO was consumed, i n d i c a t i n g  
t h e  c a t a l y s t  t o  b e  i n a c t i v e .  
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APPENDIX A 
I n f r a r e d  S p e c t r a  
F i g u r e  
TFEO 
Poly  (TFEO) 
P o l y  (TFEO) 
POIY (TFEO) 
Po ly  (DEDA) - Chromium T r i f  l u o r o a c e t a t e  Polymer 
Poly  (DEDA) - Dicyc lopen t  a d i e n e  Dioxide  Polymer 
P r o d u c t  from TFEO - PFGF R e a c t i o n  
FIGURE 1 
Infrared S p e c t r u m  of TFEO 
( G a s ,  10 mm, 10 cm. cell) 
Figure  2 I n f r a r e d  Spectrum of Poly(TFE0)- low i n t e n s i t y  sou rce  
F i lm from FC-43 
Figure  '3 I n f r a r e d  Spectrum o f  Poly(TFE0) - JPL Source 
F i lm from FC-43 
Figu re  4 .  I n f r a r e d  Spec t run  of  Poly(TFE0) - ATR - 45O a n g l e  - 3 r e f l e c t i o n s  
F i g u r e  5. I n f r a r e d  Spectrum of  Poly(DEDA) - Chromium T r i f l u o r o a c e t a t e  
ATR - 50' a n g i e  - 3 r e f l e c t i o n s  
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Figure 6. Infrared Spectrum of Poly(DEDA) - Dicyclopentadiene Dioxide 
ATR - 4 5 O  angle - 3 reflections 
F i g u r e  7 
INFRA2ED SPECTRUM OF PRODUCT FROM TFEO-PFGF REACTION 
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